tates uptake of arginine and lysine in mammalian cells, is expressed ubiquitously, but its levels vary significantly in different cells and tissues and its expression is known to undergo extensive regulation at both transcriptional and posttranscriptional levels (for review, see Hatzoglou et al. 2004) . CAT-1 regulation has been studied intensively in rat C6 glioma cells, where transcription of the gene and stability and translation of the mRNA are up-regulated in response to different types of cellular stress (Yaman et al. 2002; Haztoglou et al. 2004) . In human hepatoma Huh7 cells, CAT-1 mRNA activity is regulated by a liver-specific miRNA, miR-122. The human CAT-1 3′UTR contains several potential target sites for miR-122 (see Fig.  2A ). Experiments performed with endogenous CAT-1 mRNA (Bhattacharyya et al. 2006 ) and reporters containing its 3′UTR (or fragments thereof) indicated that miR-122 has a repressive effect on translation and, in the case in some chimeric reporter mRNAs, may also cause limited destabilization of the target RNA (Chang et al. 2004; Bhattacharyya et al. 2006 ). Maintenance of low CAT-1 activity in liver cells is important to avoid hydrolysis of the plasma arginine by arginase, a highly expressed enzyme in hepatocytes, which catalyzes the last step of the urea cycle (hydrolysis of arginine to ornithine and urea). However, under certain conditions, e.g., when urea cycle enzymes are down-regulated or during liver regeneration, CAT-1 expression is induced, most likely to sustain hepatocellular protein synthesis.
Amino Acid Deprivation Induces Translational Up-regulation of CAT-1 mRNA in Huh7 Cells
In cultured rat C6 glioma cells, CAT-1 protein expression increases in response to amino acid deprivation and other forms of cellular stress. Both transcriptional and posttranscriptional regulation were reported to contribute to the increase (Hatzoglou et al. 2004) . We investigated the effect of amino acid starvation on expression of CAT-1 protein and mRNA in hepatoma Huh7 cells. The CAT-1 protein level increased markedly after 1 hour of starvation and then remained unchanged during several additional hours of amino acid depletion (Fig. 1A) . In con- trast, the substantial increase in CAT-1 mRNA level, measured by either real-time polymerase chain reaction (PCR) (Fig. 1B) or northern blotting (not shown) (Bhattacharyya et al. 2006) , was only detectable after 3-4 hours of starvation. In HepG2 hepatoma cells, which do not express miRNA miR-122, no appreciable change in either CAT-1 protein or mRNA level was observed during 4 hours of starvation (data not shown). The early induction of the CAT-1 protein in Huh7 cells was independent of RNA polymerase II transcription, since treatment with inhibitors of RNA polymerase II, either actinomycin D (ActD) or α-amanitin (α-Am), had no effect (Fig. 1A) . However, the protein accumulation was inhibited by cycloheximide (CHX), an inhibitor of translational elongation (Fig. 1A) . Amino acid starvation and treatment of cells with ActD or α-Am had no effect on the level of miR-122 or Ago2, essential components of miRNPs (Fig.  1A,B) . However, inclusion of either inhibitor prevented the late (4-hour time point) accumulation of CAT-1 mRNA, demonstrating that they effectively inhibit RNA polymerase II transcription in Huh7 cells.
It was important to exclude the possibility that CAT-1 protein turns over rapidly in cells grown in the medium rich in amino acids, and its apparent induction by starvation is due to an increase in protein stability. To this end, we have performed western analysis of lysates prepared from cells grown in either the presence or absence of CXH. The analysis indicated that instead of stabilizing the CAT-1 protein, the starvation increased its turnover (Bhattacharyya et al. 2006) . The accelerated decay of CAT-1 in stressed cells provides a plausible explanation for the observation that steady-state levels of the protein do not continue to increase at times beyond 1 hour poststarvation. Taken together, the data indicate that starvation of Huh7 cells results in a de novo synthesis of the CAT-1 protein from the preexisting mRNA pool.
Response to Amino Acid Starvation and Other
Types of Stress Is Mediated by the CAT-1 3′UTR and Involves miR-122
To test whether the translational induction described above is mediated by the CAT-1 mRNA 3′UTR, we measured the effect of starvation on the activity of different RL-cat reporters ( Fig. 2A ) in Huh7 cells. In RLcatA, the RL-coding region is fused to the 2.5-kb 3′UTR found in a short form of CAT-1 mRNA. In RL-catB, the 3′-proximal 1-kb region (referred to as region D) of the CAT-1 3′UTR is deleted. The remaining part contains three predicted miR-122-binding sites identified in the 2.5-kb CAT-1 3′UTR. In RL-catC, the CAT-1 3′UTR is shortened further to eliminate the region containing the miR-122 sites. Reporter activity, normalized to activity of the coexpressed firefly luciferase (FL), was tested in transfected Huh7 and HepG2 cells (Fig. 2B) . In Huh7 cells, an approximately fourfold induction of RL activity was observed upon starvation of cells transfected with the reporter containing miR-122 sites, RL-catA, but not with that devoid of miRNA sites, RL-catC. Starvation increased expression of RL-catB by approximately 30% (Fig. 2B) . As in the case of endogenous CAT-1 protein, the stress-induced expression of RL from RL-catA was inhibited by addition of CHX but not ActD (Fig. 2B) . Likewise, other stress conditions such as the ER stress (induced by thapsigargin) or oxidative stress (induced by arsenite) stimulated expression of RL-catA approximately 2.5-fold, whereas the effect on other reporters was either minimal or absent (Fig. 2B ). Amino acid starvation and treatment with thapsigargin or arsenite had no effect on the level of RL-catA mRNA, indicating that the effect was posttranscriptional (Bhattacharyya et al. 2006) .
To test whether the stress-mediated activation of RLcatA indeed involves miR-122, we investigated whether responses observed in Huh7 cells can be reproduced in HepG2 cells, which do not express miR-122. Exposure of HepG2 cells to different forms of stress had no effect on expression of any RL-cat reporter (Fig. 2B , lower panel). However, when HepG2 cells were cotransfected with miR-122, up-regulation of RL-catA was clearly evident in starved cells, with activity of RL-catB and RL-catC remaining unchanged (Bhattacharyya et al. 2006) .
HuR Protein Interacts with CAT-1 3′UTR and Is Essential for the Derepression
The stress-inducible RL-catA reporter differs from the reporter not undergoing activation, RL-catB, by the presence of an additional segment (region D) of the CAT-1 3′UTR ( Fig. 2A) . We found that region D is essential for the stress-induced relief of the miR-122-mediated repression in Huh7 cells. Moreover, this region can confer stress inducibility on a reporter inhibited by let-7 RNA, an abundant miRNA expressed in HeLa cells. The let-7-specific RL-3xBulge reporter ) was used to further dissect CAT-1 region D. It was found that the central part of region D, containing sequences rich in A+U and U residues and referred to hereafter as region ARD (see Fig. 2A ), is essential for mediating the stress-induced reversal of miRNA repression (Bhattacharyya et al. 2006) .
HuR is an AU-rich element (ARE)-binding protein, a member of the ELAV family of proteins, implicated in different aspects of posttranscriptional regulation (for review, see Brennan and Steitz 2001; Katsanou et al. 2005; Lal et al. 2005) . In response to various types of cellular stress, HuR is mobilized from the nucleus to the cytosol, where it may modulate translation or increase the stability of different target mRNAs, including CAT-1 mRNA in rat glioma cells (Yaman et al. 2002) . We found that HuR relocates from the nucleus to the cytosol upon amino acid starvation also in Huh7 cells (Fig. 3A) and that the RNA-mediated depletion of HuR, using two different small interfering RNAs (siRNAs) (Fig. 3B) , eliminates the RL-catA response in comparison to control cells or cells treated with control siRNA (Fig. 3C ). We tested, by native gel analysis, if the 32 P-labeled ARD fragment, which is essential for mediating the stressinduced derepression, can interact with a recombinant GST-HuR fusion protein. As shown in Figure 3D , purified GST-HuR but not GST, formed a complex with the ARD fragment, and the complex was competed by an excess of unlabeled fragment ARD but not the ΔARD portion of region D. Additional experiments indicated that CAT-1 mRNA can be specifically immunoselected from the soluble cytoplasmic fraction of starved Huh7 cells by the anti-HuR antibody. We have also demonstrated that HuR binding per se does not cause activation of the RL reporter devoid of miR-122 sites and not repressed by the miRNA (Bhattacharyya et al. 2006) .
Taken together, the above experiments indicate that HuR has a role in the stress-induced activation of CAT-1 mRNA and RL reporters undergoing repression mediated by either miR-122 or let-7 RNA.
Stress Induces HuR-dependent Relocation of
CAT-1 mRNA from P bodies mRNA reporters repressed by miRNAs were found to localize in P bodies (Liu et al. 2005; Pillai et al. 2005) . We analyzed the intracellular localization of the endogenous CAT-1 mRNA and RL-cat reporters in cells grown under different conditions. In situ hybridization revealed that in nonstarved Huh7 cells, CAT-1 mRNA is concentrated in P bodies, as demonstrated by its colocalization with the P-body marker, GFP-Dcp1a (Fig.  4A) . P-body enrichment of the mRNA was abolished when cells were transfected with the 2′-O-methyl oligonucleotide complementary to miR-122 but not with control anti-miR-15 oligonucleotide (Fig. 4B) , indicating that the localization was dependent on miR-122. Most importantly, in Huh7 cells grown for 2 hours under amino acid deficiency, a condition that markedly increases CAT-1 protein without an effect on the mRNA level (see Fig. 1 ), CAT-1 mRNA was no longer detectable in P bodies (Fig. 4A) . Starvation did not produce an appreciable decrease in the miR-122 signal in P bodies (Bhattacharyya et al. 2006) , arguing for an effect specific for the CAT-1 mRNA and possibly only a limited number of other mRNAs among the many regulated by miR-122 in liver cells (Krutzfeldt et al. 2005) . As expected, CAT-1 mRNA did not colocalize to P bodies in HepG2 cells. However, in HepG2 cells transfected with miR-122, CAT-1 mRNA was enriched in P bodies, further supporting the idea that the repression and Pbody localization of CAT-1 mRNA are controlled by miR-122 (Bhattacharyya et al. 2006) .
To find out whether the relocation of CAT-1 mRNA from P bodies, like the activation of its expression, also requires HuR, we studied CAT-1 distribution in Huh7 cells in which HuR protein had been knocked down by RNAi. The knockdown had no effect on the P-body enrichment of CAT-1 mRNA in control cells. However, it prevented mobilization of the mRNA from these structures upon amino acid starvation. In cells transfected with nonspecific siRNA, the relocation did take place, similarly as in nontreated Huh7 cells (Fig. 4C) .
We also determined the intracellular localization of different RL reporters repressed by either miR-122 or let-7 miRNA. The repressed reporters localized to P bodies, and their relocalization from these structures in response to amino acid depletion was dependent on the CAT-1 region D present downstream from the miRNAbinding sites. Reporters devoid of region D remained enriched in P bodies in both nonstarved and starved cells (Bhattacharyya et al. 2006) .
In starved Huh7 cells, CAT-1 mRNA becomes extractable from cells permeabilized with digitonine, very likely as a consequence of the relocation of mRNA from P bodies to the cytosol ; Bhattacharyya et al. 2006 ). As shown in Figure 5A , the amount of CAT-1 mRNA present in the cytosol prepared from permeabilized Huh7 cells increased already after 20 minutes following the shift to the amino-acid-depleted medium. Importantly, the shift of the CAT-1 mRNA to the cytosol upon stressing the cells occurred with a kinetics similar to the appearance of HuR in this fraction and also paralleled the accumulation of CAT-1 protein (Fig.  5) . Hence, the stress-induced derepression of the CAT-1 mRNA translation appears to be a rapid event.
Together, the results demonstrate that CAT-1 mRNA and RL reporters are concentrated in P bodies when repressed by the miRNA but are rapidly mobilized from these structures under conditions, including cellular stress, that preclude miRNA repression. The experiments further support a role for HuR and the CAT-1 mRNA region D in mediating the response induced by the amino acid stress. Moreover, they indicate that such a response may be a more general phenomenon, applying to different cell types and miRNA-mRNA combinations.
Stress-induced Relocation of CAT-1 mRNA from P Bodies Is Accompanied by Its Entry to Polysomes
We found previously that repression of protein synthesis by let-7 RNA in HeLa cells is accompanied by a less effective entry of target reporters to polysomes, indicative of the translation initiation block . Gradient analysis of Huh7 cell extracts indicated that amino acid starvation results in an increase in the fraction of CAT-1 mRNA associated with polysomes. In contrast, β-tubulin mRNA moved toward the top of the gradient in response to starvation, consistent with a general inhibitory effect of stress on translation (Fig. 6A,B) . Treatment of Huh7 cells with anti-miR-122 but not control anti-let-7a 2′-O-methyl oligonucleotide resulted in the CAT-1 mRNA shift to polysomes similar to that induced by starvation (Fig. 6C) . Of note, a fraction of the "repressed" CAT-1 mRNA sedimented faster than the polysome-associated CAT-1 mRNA present in stressed or anti-miR-122-treated cells. Possibly, this material represents P-body aggregates containing CAT-1 mRNA.
Taken together, these data indicate that relocation of CAT-1 mRNA from P bodies and relief of the miRNAmediated repression is accompanied by recruitment of CAT-1 mRNA to polysomes, consistent with miR-122 inhibiting translational initiation.
CONCLUSIONS
Our work demonstrates that CAT-1 mRNA, and reporters bearing the CAT-1 3′UTR or its fragments, can be relieved from miR-122-mediated repression in Huh7 cells subjected to amino acid deprivation or the ER or oxidative stress. Observations that the response to the amino acid starvation stress can be recapitulated in other cell lines by either an ectopic supply of miR-122 or the use of chimeric reporters targeted by another miRNA argue for a general importance of this type of regulation. We also demonstrate that repressed CAT-1 and reporter mRNAs accumulate in P bodies in an miR-122-dependent process and that the derepression is accompanied by the release of the mRNAs from these structures. The demonstrated stress-induced mobilization of mRNAs from P bodies provides evidence that metazoan P bodies represent sites not only of mRNA turnover, but also of storage of translationally repressed mRNAs. So far, such evidence was available for baker's yeast, an organism lacking miRNA regulation (Brengues et al. 2005) . Time-course experiments measuring the appearance of CAT-1 mRNA in a soluble cytosolic fraction and the formation of CAT-1 protein suggest that reactivation of mRNAs sequestered in P bodies is a very rapid process. Hence, it is tempting to speculate that P bodies may act as general storage sites for mRNAs, which need to be quickly mobilized into polysomes under specific cellular conditions. Although miRNAs may affect gene expression in different ways (for review, see Pillai 2005; ValenciaSanchez et al. 2006) , recent findings indicated that let-7 RNA and some model miRNAs in mammals inhibit Figure 4 . CAT-1 mRNA accumulation in P bodies is miR-122-dependent, and its stress-induced relocation from P-bodies requires HuR. Details of cell treatment are indicated at the left of each row. P bodies were visualized by measuring GFP-Dcp1a fluorescence (green), and CAT-1 by in situ hybridization with Cy3-labeled probes (red). DAPI (blue) stained the nucleus. Cells were starved for 2 hours prior to fixation. Exposure time of the red channel for starved Huh7 cells (A), the anti-miR-122 row (B), and starved siControl cells (C) was ten times longer than that for other images. (Insets) Enlargements of indicated regions. For quantification and discussion of overlap between CAT-1 mRNA and GFP-Dcp1a foci, see Bhattacharyya et al. (2006) translation of reporter mRNAs at the initiation step (Humphreys et al. 2005; Pillai et al. 2005) and that repressed mRNAs localize to P bodies for either storage or degradation (Liu et al. 2005; Pillai 2005; Pillai et al. 2005; Valencia-Sanchez et al. 2006) . The data presented in this work indicate that this scenario also applies to the miRNA-mediated regulation of an endogenous mRNA. The stress-or anti-miR-122-induced relocalization of CAT-1 mRNA from P bodies was accompanied by its increased association with polysomes, consistent with the miRNA inhibition acting at the initiation step of translation. Importantly, activation of CAT-1 and reporter mRNAs by exposing the cells to stress or transfecting them with anti-miR-122 oligonucleotide had no appreciable effect on the mRNA level, indicating that miR-122 in Huh7 cells controls CAT-1 mRNA mainly at the translational level and not the stability level.
Our results strongly argue for a role of HuR in the stress-induced activation of mRNAs undergoing miR-122-mediated repression. The HuR knockdown prevented both the translational activation of repressed mRNAs and their mobilization from P bodies.
Moreover, a recombinant HuR interacted with the CAT-1 3′UTR fragment implicated in mediating the stimulatory effect of stress (see Fig. 3D ), whereas the endogenous HuR associated with all reporter mRNAs undergoing derepression but not with their inactive variants bearing mutations in the predicted HuR-binding sites (Bhattacharyya et al. 2006) . HuR is a ubiquitously expressed member of the ELAV family of proteins, which also comprises three neuronal proteins. In response to different types of cellular stress, HuR is mobilized from the nucleus to the cytosol, where it may modulate translation and/or stability of different mRNAs (for review, see Brennan and Steitz 2001; Katsanou et al. 2005; Lal et al. 2005) . Our data suggest that at least some of the known effects of HuR, both translational and stability-related, may be due to the interference of HuR with the function of miRNAs, which would result in enhanced translation or stability of mRNA. HuR shuttles between the nucleus and cytoplasm, and HuR has been suggested to bind some AREcontaining mRNAs in the nucleus and chaperone them to the cytoplasm (Gallouzi and Steitz 2001; Lal et al. 2005) . The in situ experiments demonstrating CAT-1 mRNA and RL reporter localization in P bodies in unstressed hepatoma and HeLa cells make it very unlikely that redistribution of mRNA between the nucleus and the cytoplasm contributes to the effects described in our work.
The demonstration that mRNAs repressed by miRNAs can depart P bodies to return to active translation indicates that P bodies are dynamic structures, exchanging their content rapidly with that of the cytosol (Andrei et al. 2005; Brengues et al. 2005) . It is possible that HuR, following its relocation to the cytoplasm in stressed cells, shifts the P-body-to-cytosol equilibrium of repressed mRNAs by binding to AREs in the 3′UTR. Whether this is accompanied by the dissociation of miRNPs from the mRNA or just prevents miRNPs from acting as effectors in the repression remains to be established (Fig. 7) . It will also be interesting to study other details of HuR involvement in relieving the miRNP repression. The findings that several identified protein ligands of HuR are protein phosphatase PP2A inhibitors (Brennan et al. 2000) and that HuR can undergo methylation (Li et al. 2002) or synergize with other RNA-binding proteins (Katsanou et al. 2005) indicate that HuR is a part of an elaborated network involved in posttranscriptional regulation of gene expression.
Other examples of the reversible action of miRNAs have recently been identified in neuronal cells. In neurons, many mRNAs are transported along the dendrites as repressed mRNPs to become translated at the final destination, dendritic spines, upon synaptic activation. Such local translation is important for spine development, learning, and memory (Sutton and Schuman 2005) . miRNA miR-134 is implicated in translational regulation of Limk1, a protein kinase important for spine development, in cultured rat neurons. Limk1 mRNA appears to be relieved from the miR-134-mediated repression in dendritic spines in response to extracellular stimuli, in a process involving mTOR (mammalian target of rapamycin) (Schratt et al. 2006) . In Drosophila, stimulation of olfactory neurons, which leads to long-term memory formation, is associated with proteolysis of Armitage, a protein essential for the assembly of the RNA-induced silencing complex (RISC)/miRNP complexes. As the result of Armitage degradation, mRNAs that are normally repressed by miRNAs, including the one encoding calcium/calmodulin-dependent protein kinase II (CamKII), become 
